The unsaturated unbound granular materials (UUGMs) as a base course layer play a major role in the overall performance of the multi-layered flexible pavement system. In theory, the cyclic response of UUGMs (under traffic loading) depends greatly upon moisture content and matric suction, but these effects have been conventionally difficult to quantify. This paper presents a new mechanistic framework for characterising the cyclic behaviour of UUGMs with differing levels of moisture content and density, and in various in-service stress conditions in pavements without real cyclic testing on UUGMs. These parameters would typically be considered to gain a more precise pavement evaluation. In this study, a normalisation procedure was performed to incorporate matric suction into the cyclic response evaluation of UUGMs with a range of moisture contents and without actual suction measurement. A new soil suction model with three density-independent parameters was derived from a series of static triaxial compression tests based on the traditional triaxial facilities. The suction model developed can be used, with the Bishop effective stress constitutive model, to successfully evaluate the resilient response of UUGMs under the stated conditions. With the inclusion of matric suction, this new mechanical framework provides a more reliable resilient modulus prediction model.
INTRODUCTION
In the construction stage, unbound granular materials (UGMs), as a base course layer laid underneath the top surface of asphalt concrete in flexible pavements, are normally compacted under the energy of a modified Proctor condition. The aim is to achieve the desired density believed to provide durability in pavements. The amount of water added during compaction cannot practically elevate compacted UGMs up to the saturated condition. Pore fluid in granular pavement materials is generally a two-phase system containing both water and air (although other geotechnical engineering applications could include other gases or liquids). Water and air contents have been shown to affect granular pavement material response. However, the attempts to quantify this effect have typically been made through empirical methods [1] and more advanced works based on unsaturated soil concepts [2] - [7] .
In recent years, advanced pavement design parameters of UGMs, including new pavement materials of construction and demolition (C&D) materials, have been obtained from tests performed under a cyclic loading regime to simulate trafficlike actions onto a test sample. However, mostly, unsaturated conditions of UGMs, its actual conditions in road, have been disregarded for such tests. In Australia, for example, [8] has introduced more sophisticated material characterisation methods through the Repeated Load Triaxial Test (RLTT). Arulrajah et al [9, 10] , Gabr et al [11] and Arulrajah et al [12] [13] [14] demonstrated employing the RLTT to evaluate resilient modulus and strain characteristics of C&D materials. A new pavement analysis method [15] relies on more advanced procedures such as finite element analysis. However, it still does not include the effect of unsaturated soil phenomena, when considering the cyclic behaviour of aggregate base and sub-base materials, to determine suitable values of input parameters for pavement analysis [16] .
This study aims to present a new mechanistic framework which includes the response of unsaturated unbound granular pavement materials (UUGMs) in RLTT procedures with no suction measurement. The proposed framework can be applied with an effective stress concept and a resilient response model of unsaturated soils to International Journal of GEOMATE, Nov., 2017, Vol.13, Issue 39, Geotec., Const. Mat. & Env., ISSN:2186-2990, Japan, DOI: https://doi.org/10.21660/2017. 39.95681 determine the cyclic response of UUGMs with a range of moisture contents under typical fieldloading conditions. The framework was verified using laboratory test data of a typical Western Australia aggregate base material, namely crushed rock base (CRB) [17] .
The Stress Concept for Unsaturated Soils
Two main approaches are now widely accepted and used by geotechnical engineers to determine the shear strength of unsaturated soils. These are the effective stress approach [18] and the independent state variable approach [19] .
The independent state variable approach is described using a mathematical equation in which the shear strength of unsaturated soils (τ) can be evaluated as follows:
where σ is the normal total stress, is the pore air pressure, is the pore water pressure, ′ is the effective cohesion, ∅ ′ is the effective internal friction angle, and ∅ is the internal friction angle with respect to the matric suction, ( − )
In the originally proposed effective stress approach, the shear strength is evaluated on both the basic effective shear strength parameters of c' and ∅' and defined as:
where σ' is the effective stress and χ is the effective stress parameter (i.e., the Bishop parameter), which has values from 0 for dry soils to 1 for fully saturated soils The framework development in this study is presented as an effective solution to determining the stress of unsaturated soils (i.e., UUGMs) with the added consideration of soil suction. Based on the literature reviews, the independent state variable approach (see Eq. (1)) requires extensive and timeconsuming in-laboratory testing to determine all material parameters. In addition, the level of expertise required for determining ∅ b is not usually found in most laboratories [20] .
For the original effective stress approach (see Eq. (2)), there are some stabilities for developing the framework in this study. The advantage of the effective stress approach is that the variation in the shear strength along with changes in total stress, pore water pressure, and pore air pressure relate to a single stress variable (σ') which matches with a single stress history of the normal characterisation of the soil strength, unlike the independent state variable approach which requires more than one variable [20] . The main difficulty of the effective stress approach is the determination of χ, as there is no generally reliable method to determine the values of χ, particularly at relatively low saturation. However, this is of little consequence to the modelling of UUGMs, as these low saturation levels are unlikely to be encountered in actual pavement conditions [2] . Furthermore, it should be noted that the effective stress concept is a macroscopic concept and cannot be proven or disproven using a theoretical model expressed at a microscopic level [20] . Consequently, this study relies upon the effective stress approach (Eq. (2)) for the framework development.
Cyclic Response of UUGMs
The cyclic response of unbound granular materials is typically characterised through the resilient modulus, M r (see Eq. (3)), which is also a fundamental parameter in flexible pavement design [7] .
where Mr is the resilient modulus, σd is the repeated deviator stress (cyclic vertical stress in excess of confining pressure), and εr is the resilient (recoverable) strain in a vertical direction.
The predictive resilient modulus model, known as the "Universal model" [21] and presented in Eq. (4), was adopted among the classical resilient modulus predictive modulus models [22] - [29] and has been investigated by [15] . This was done to consider the effect of both confining and shear stresses on the resilient modulus of UGMs. Austroads [15] believed that the application of the Universal model would be the most compatible with regard to Australian pavement base materials. A finite element program, namely APADS, was developed and also adopted (see Eq. (4)) to model the nonlinear behaviour of unbound granular materials [15] .
where is the mean normal stress (
is the octahedral shear stress ( √2 3 for standard triaxial compression loading; where is the deviator stress), is the atmospheric pressure; and 1 , 2 , 3 are the regression model (material) parameters Resilient modulus characteristics are inherently complex and depend on different factors such as stress conditions, moisture contents, densities, the number of loading repetitions, compaction energy inputs, and soil thixotropic [30] . During the evolution of modern pavement engineering over the last few decades, several predictive models of Mr have been developed in an attempt to incorporate the effects of the aforementioned factors into the M r estimation. To date, most modern pavement design and analysis methods have emphasised and demonstrated the importance of the effects of moisture content (i.e., one environmental factor). These effects can lead to a significant change in the resilient modulus of an unbound granular base material in which there is a fluctuation in material moisture contents resulting from the environment during the pavement's design life.
However, most resilient modulus predictive models that have been proposed only account for variations in stress conditions [15] . These models rely on an overall stress analysis (i.e., there is no consideration of the effective stress concept and no accounting for the resilient modulus response from the perspective of unsaturated soil mechanics, even though the pavement base materials are of an unsaturated condition). As for the unsaturated condition of normal pavement bases, however, it has been recognised that the variation in stress state conditions in pavement due to seasonal changes can be related to changes in matric suction, a fundamental variable of the stress state in unsaturated soils. Based on this fact, several studies have demonstrated the strong relationship between the resilient modulus and matric suction [3] , [5] - [7] . Consequently, over the last few decades, resilient modulus predictive models which consider soil suction as a part of predictive parameters have been proposed [31] - [35] . However, all of them require suction parameters (e.g., matric suction) which are generally obtained from the suction measurements taken in laboratories or in the field. Due to the inherent difficulties of the suction measurement, resilient modulus predictive models with those suction parameters are not very practical and have as yet, not led to any implementation in most countries.
As mentioned previously, the matric suction ( − ) should be incorporated into a more rational resilient modulus predictive model. The need is significant to modify the Universal model (Eq. (4)) so that it includes matric suction as one of the predictive variables. The effective stress approach [18] , as represented in Eq. (2), was used to incorporate the matric suction into the Universal model. Consequently, the matric suction in terms of ( − ), or the effective suction confinement, can be considered with the resilient modulus model, in a similar manner to the equation proposed by [35] , as shown in Eq. (5).
is the octahedral shear stress
for standard triaxial compression loading; where is the deviator stress); is the atmospheric pressure, and 1 , 2 , 3 are the regression model (material) parameters.
Soil Water Retention Curve (SWRC) and ( − ) Model for UUGMs
The soil water retention curve (SWRC) which is used extensively for the unsaturated soil property function estimation is proposed for virtually every physical process where soils become unsaturated [31] , [36] - [39] . Furthermore, the SWRC is also widely used for the estimation of in-situ soil suction. To overcome the difficulty of soil suction measurement, as found in common geotechnical and pavement laboratories, the framework in this study was developed with selected SWRCs for UUGMs from the proposed empirical equations used to describe the SWRCs of soils [40] . Some of the commonly used SWRC equations, along with more recent SWRC equations developed within the geotechnical engineering discipline, have been presented in various literatures [39] , [41] - [47] .
Based on previous studies into SWRC-related unbound granular materials [2] , [4] , [48] - [50] , The Genuchten equation [36] was selected for this study as the SWRC empirical equation to initially determine the matric suction of UUGMs with a given amount of moisture content. One of the most commonly used SWRC equation, The Genuchten equation can be rearranged to solve the issue of soil matric suction in terms of the gravimetric moisture content as follows:
If the three fitting parameters, a, m, and n, for The Genuchten equation are known, along with the saturated gravimetric moisture content, w s, the soil matric suction (ua-uw) can be calculated for a given moisture content, w. The use of this equation is limited to the range between the air-entry value and the residual suction of a soil because of the asymptotic nature of the equation [47] and the overprediction of suction as a drying condition (i.e., the saturation approaches zero) [2] . However, The Genuchten equation is still practical with regard to the mechanical behaviour of UUGMs; it generally lies within a range of quite narrow suction values. It also can account for a small gap in the change in moisture content due to pavement field conditions. However, there has been debate about the SWRC of coarse granular materials used extensively in road construction in terms of whether the SWRC can be effectively used to describe such unsaturated coarse granular media. Among the relatively rare studies of the unsaturated behaviour of coarse granular materials, [4] proposed the work described in this study, and determined the SWRC for coarse granular materials (maximum particle size 90 mm) having various gradations. The measurement was obtained using the relationship of the relative apparent permittivity measured through timedomain reflectometry (TDR) and volumetric moisture content, along with the concurrent matric suction, measured with a tensiometer. All test samples were compacted in a steel box of 200 mm wide, 500 mm long, and a target 200 mm thick. Compaction was achieved using a vibrating hammer applied to two equal layers of material (i.e., 100 mm thick for each layer). The transducer, TDR probe, and tensiometer were placed on top of the first 100 mm thick layer before continued compaction of the second layer. Based on the study of [4] , a series of SWRCs was constructed from the measurements that were performed simultaneously with the TDR calibrations. Matric suction was monitored until a stable condition was reached. The moisture content was increased in steps, with each increase resulting in a reduction in matric suction. The test results were then fitted with the SWRC models of [42] , and [36] . The Genuchten model showed a closer correlation to all measured values. A unified predictive equation [4] was then formulated, following the highest correlation for each parameter of The Genuchten model, with soil parameters as follows:
where is the volumetric moisture content; and are two out of the three fitting parameters of a, m, and n for The Genuchten equation, whereas � = 1 − 1 �, = − is the matric suction, is the volumetric moisture content at saturation, is the residual volumetric moisture content, is the amount of fines for The Genuchten model, and 10 is the nominal size for which 10% of the material is passing
To overcome the difficulty in dealing with the complexity of Eq. (7), and the unfamiliarity of the volumetric moisture content terms, a unified predictive equation of SWRC expressed in Eq. (7) was rearranged to solve the matric suction issue in terms of moisture content, as shown in Eq. (8) .
where is the gravimetric moisture content, is the moisture content in the saturation condition, and , , , , and 10 are the same definitions as in Eq. (7).
Pereira et al [51] revealed that the degree of saturation (S) comprises two main parts: macropores (S M ) and micropores (S m ). Then, the factor was defined in terms of an effective degree of saturation (S e ), as shown in Eq. (9) . It was found that the saturation in micropores increased with higher fraction of plasticity clays. Dissimilar, saturation in micropores was negligibly small for granular material (e.g., S m was equal to 0.02 for decomposed tuff). This led to the development of applying the assumption that = for granular materials.
From Eq. (8), the terms of ( − ) can be obtained by multiplying by Eq. (8) ; where is the Bishop's parameter, is the soil-specific gravity, and is the void ratio at a particular density. Then Eq. (9) becomes Eq. (10).
Based on Eq. (10), it can be clearly seen that ( − ) or the effective suction confinement, is required to determine the effective stress in an unsaturated soil (see Eq. (2)). The resilient modulus following Eq. (5) can be obtained through the inputs of the soil's physical properties (i.e., , , , , , and 10 ) and the three fitting parameters of The Genuchten model (i.e., , , and ). All these parameters are required for constructing the actual SWRC of unsaturated soils, and no requirement of the back calculation to determine values from complex and sophisticated laboratory tests (e.g., triaxial tests and direct shear tests with suction measurements).
The modified predictive resilient modulus model, with ( − ), is presented in Eq. (5) . The new proposed model of ( − ), or the effective suction confinement, derived from the classical SWRC empirical equation of the modified van Genuchten model [4] , is presented in Eq. (10). These were used as a basis to develop the mechanical framework for the resilient modulus of the unsaturated coarse granular pavement base material.
Determination of the ( − )
It can be seen from Eq. (5) that ( − ), the effective suction confinement, is required as a key variable to determine the resilient modulus. The results from a series of static triaxial compression tests can lead to the determination of the ( − ) value for the moisture content of a given soil. Heath et al [2] proposed a method to determine ( − ) from the results of a series of static triaxial tests. This method is based on the effective friction angle (ϕ') determined from the MohrCoulomb failure envelope and the corresponding values of the deviator stresses at failure (qmax) associated with the effective stress in an unsaturated soil concept [18] . The value of ( − ) at a given amount of moisture content can be determined by using Eqs. (11) and (12) as follows: 
EXPERIMENTAL WORKS
A series of triaxial compression tests and repeated load triaxial tests were performed to demonstrate and verify the proposed framework. To obtain relevant parameters for the framework, results of the repeated load triaxial tests in conjunction with those of the triaxial compression tests are required. Then, the total and effective shear strength parameters and resilient moduli of a sample material were analysed with the aforementioned relationships (i.e., Eq. (5) to Eq. (12)). Details of a material, sample preparation, and testing methods for static triaxial tests and repeated load triaxial tests are presented next.
Materials
Standard CRB complying with MRWA specifications [17] was sourced from a local quarry in Perth. The significant properties of CRB were examined in accordance with the MRWA specification, as shown in Table 1 . The maximum particle size of CRB is 19 mm; its particle size distribution is shown in Fig.2 . The moisture-density relationship (see Fig.3 ) resulted from the modified compaction test, WA 133.1 [52] , shows that the maximum dry density (MDD) and optimum moisture content (OMC) of CRB were 2406 kg/m 3 and 5.73%, respectively. The moisture content at saturation of the CRB sample was 6.72%. 
Test sample preparation
Test samples of a particular target density (i.e., 98% MDD based on normal specifications for compaction tests for road and highway construction) were prepared with variations in the moisture content. The information from a pavement trial investigation by Main Roads Western Australia (MRWA) [53] was used to determine the range of test sample moisture contents. The results of this pavement trial showed that the moisture in a base course layer was approximately 95% OMC at the compaction stage. Due to environmental conditions, moisture content lost over time until equilibrium was achieved was approximately 60% OMC. Consequently, within this study, test samples were compacted at 95% OMC to achieve a target density of 98% MDD, followed by two drier conditions of 80% OMC and 60% OMC, which were set up and performed through the dryback process. In this process, the material was allowed to dry out after compaction, up to a certain amount of moisture content, with the main purpose of maximising pavement service life. The intention was also to improve the performance of asphalt surfacing by allowing satisfactory penetration of a primer binder into the pavement surface [54] . The sample preparation, with three different levels of moisture content of the same target density with regard to the dryback process, was deemed an appropriate sample preparation procedure. The goal was to avoid uncertainties during the compaction process, and to replicate the drying-out phenomena of a pavement base material in pavements, which are generally drier up to the point of equilibrium in moisture content, with one compaction at the construction stage.
Test samples for the static triaxial tests and repeated load triaxial tests were prepared similarly. All samples were compacted at target moisture content and density of 95% OMC and 98% MDD, respectively. Each sample was compacted in eight even layers in a mould of 100 mm diameter and 200 mm height, which is suitable for the maximum aggregate size of 19 mm. A modified compaction applied 25 blows of a 4.9 kg hammer at a drop height of 450 mm onto each layer, which provided compaction energy of 21.62 J per blow. Consequently, the tests were performed at moisture contents varying from 95% down to 80% and 60% of OMC. The test samples for 80% and 60% OMC were achieved with the drying process (i.e., dryback) in a controlled chamber of 50% relative humidity at 23°C until the required moisture of 80% and 60% OMC was reached.
Consolidated-drained (CD) triaxial compression tests
To verify the approximation that ∅ = ∅ ′ (detailed later in this paper), which is one of the important assumptions of the proposed framework, the effective shear strength parameters (c' and ∅') of CRB were evaluated based on the CD triaxial tests in accordance with ASTM D7181 [55] . An advanced triaxial testing facility of the GCTS STX-300 (see Fig.4 ) was used for this purpose. All test samples were prepared to reach the conditions of 95% OMC and 98% MDD. A test sample was set up in a triaxial cell without a side drain. The saturation stage was first carried out using de-aired water to fill voids in a test sample and achieve a target saturation condition. This was achieved by increasing back pressure and cell pressure in steps, incrementally. The saturation process proceeded until achieving a minimum pore pressure parameter (B) value of 0.95. Then, the isotropic consolidation stage was conducted. The samples were subjected to shear under a drained condition. A series of tests was performed under axial compressive loading at the strain rate of 0.01% per minute. The effective confining pressures were assigned in a range of 50, 100, and 200 kPa. Fig.4 The GCTS STX-300 used for the CD triaxial compression tests
Triaxial compression tests
Static triaxial compression tests were adopted from a quick shear test after resilient and permanent deformation tests in accordance with the standard of AASHTO T307-99 [56] were carried out to determine the total shear strength parameters (c and ∅) of CRB. The UTM-14P, shown in Fig.5 , which is typically utilised for the repeated load triaxial tests, was used in performing this static triaxial compression test. Based on this quick shear test, following the triaxial compression test method AASHTO T307-99 [56] , a certain amount of confining pressure and an applied static load with an axial strain at a rate of one percent per minute under a strain-controlled loading procedure are applied to a test sample. In this study, the representative Mohr-Coulomb failure envelope of CRB was obtained from test results of the test samples with 95% of OMC. Initially, the material responses in terms of the stress-strain curves were measured from the corresponding deviator stresses at failure in a set of three constant confining pressures at 35 kPa, 70 kPa, and 100 kPa for the CRB samples at 95% OMC. Based on the proposed framework, while obtaining the total shear strength parameters (c and ∅) of CRB corresponding to its Mohr-Coulomb failure envelope, at least two more stress-strain curves of test samples which have different moisture conditions with the same density of the 95% OMC sample are required. Therefore, in this study, further quick shear tests on CRB samples at the 80% and 60% of OMC with 35 kPa confining pressure were carried out. A series of triaxial compression tests (quick shear tests) was performed under the assumption that the angle of internal friction is constant for samples at the same void ratio (i.e., the same dry density), even at the different moisture contents shown in Fig.1 . Fig.5 The UTM-14P used for static triaxial compression tests and repeated load triaxial tests
Repeated load triaxial tests (RLTT)
The resilient modulus was investigated through RLTT, in accordance with the test method AG: PT/T053 [8] using the UTM-14P. For the pulse loading characteristics, the dynamic vertical force was applied for a period of 3 seconds with a load pulse width of 1 second and rise and fall times of up to 0.3 seconds. The resilient modulus test was performed with 66 stress stages of different cyclic deviator stress and constant confining stress (see Fig.6 ) to simulate sophisticated traffic loading conditions, based on Australian experience [8] , [57] , [58] and other conditions [59, 60] . The stress ratio between the deviator stress and the confining stress (σ d /σ3) varied from 2 at the first stage to 25 at the final stage. The deviator stresses varied from 100 kPa to 600 kPa, while the confining stresses ranged from 20 kPa to 150 kPa. Each sample was subjected to preconditioning cycles and a minimum of fifty cycle-loadings at each stress stage. In this study, the RLTTs were performed on samples at the target dry density of 98% MDD with moisture contents varying from 95% down to 80% and 60% of the OMC. 
EXPERIMENTAL RESULTS

CD triaxial compression test results
The stress-strain relationships resulting from the CD triaxial compression tests for CRB are presented in Fig.7 . Then, the effective shear strength parameters can be obtained from a straight line on the basis of the Mohr-Coulomb failure criterion, as illustrated in Fig.8 . Thus, the effective angle of an internal friction angle (φ′) and a cohesion (c') are calculated as 53.3˚ and 95.2 kPa, respectively.
Triaxial compression test results
Figures 9 and 10 show the stress-strain relationships of the test samples at 60%, 80%, and 95% of OMC and at 35 kPa, 70 kPa, and 100 kPa confining pressure levels. Mohr's circles and the Mohr-Coulomb failure envelope for these static triaxial compression tests are illustrated in Fig.11 . The results show that the envelope corresponding to the peak stresses at failure is linear for the given confining pressure range (i.e., from 35 kPa to 100 kPa). Thus, the appropriate envelope corresponded to the shear strength parameters of an internal friction angle (φ) of 55˚ and a cohesion (c) of 99 kPa.
It is assumed that the matric suction of UUGMs is relatively low in comparison with that of clayey soils. Based on the two triaxial compression test results shown in Fig.8 and Fig.11 , the assumption can be made that the total friction angle (φ) is insignificantly different from the effective friction angle (φ′), or approximately φ = φ' for the analysis of this framework. As a result, a value of φ = φ' = 55° was applied; the corresponding values of the deviator stresses are at failure (qmax); and the confining pressures (σ 3 ) of 35 kPa, 70 kPa, and 100 kPa (see Fig.10 ) are substituted into Eqs. (11) and (12) . Then, a set of static triaxial test results was obtained, as shown in Table 2 . across a range of moisture contents derived from Eq. (10) . From this graph, the effective suction confinement, ( − ), which is required for the Mr predictive model with suction (i.e., Eq. (5)), can be simply determined graphically when the moisture contents are known for CRB with various void ratios (i.e., different densities).
The three fitting parameters of The Genuchten model (e.g., a, m, and n) can be obtained from the regression analysis through Eq. (10) using three effective suction confinement measures ( − ) from Table 2 , with the CRB physical properties (e.g., , , , , , and 10 ). Fig.9 Stress-strain curves for CRB with moisture content varying from 60% to 95% OMC at confining pressure of 35 kPa resulting from UU tests Fig.10 Stress-strain curves for CRB at 95% OMC and confining pressure range of 35 kPa to 100 kPa resulting from UU tests Fig.11 Mohr's circles and the Mohr-Coulomb failure envelope for CRB at 95% OMC moisture content and 98% MDD for determining total shear strength parameters 
RLT test results
The resilient modulus test results over 66 stress stages are presented in Fig.13 . The resilient moduli of the sample at 80% OMC was slightly higher than those of the 95% OMC sample. However, at the moisture condition of 60% OMC, the resilient moduli were significantly greater than those of the other two samples (with 80% OMC and 95% OMC). These results showed that an increase in resilient modulus values with a reduction of moisture content compared similarly to the peak stress of the test samples resulting from the static triaxial compression tests (Fig.9) . It may be remarked that the resilient modulus value is stress and moisturedependent, but for the existing test protocol [8] , the effect of moisture dependency is not considered. The proposed framework aims to remedy this shortcoming.
Evaluation of the resilient modulus models
The verification of the framework to estimate the resilient moduli of a pavement base material under different cyclic loading conditions in accordance with the test method AG: PT/T053 [8] can be performed by comparing the estimated values from Eqs. (4) and (5), as shown in Fig.14 . For the first data set, a total stress concept was used (i.e., no consideration of soil suction), following Eq. (4). Then, the total stress regression parameters, or the material parameters (i.e., k 1, k2, and k3), of the model were determined using a least squares regression approach to all the test data, regardless of moisture contents, of the test sample at 80% OMC after dryback. This is usually the preference when representing the construction conditions in the field, based on Western Australian experience. For the second data set, ( − ) was included (see Eq. (5)) using the suction model parameters calculated from the static triaxial test data (see Table 2 ). In addition, a new least squares analysis was performed to obtain the effective stress model parameters of the regression analysis from all test data at 60%, 80%, and 95% OMC, which represents moisture conditions in the field (i.e., after construction and up to an equilibrium state). Table  3 illustrates the regression (material) parameters of both Mr predictive models with matric suction and no matric suction (i.e., Eqs. (4) and (5), respectively). It can be seen in Fig. 14 that the inclusion of matric suction toward ( − ) produces an improved estimation of the resilient response. Figure 14 also shows that the predicted resilient modulus values from the total stress concept of Eq. (4) are mostly underestimated. This would not be reliable in terms of pavement design and analysis, as it would lead to an uneconomical pavement structure. It should also be noted that, based on the regression model parameters shown in Table 3 , great differences exist between the regression parameter values of the Mr predictive models from both approaches. This would raise concerns with regard to any pavement design and analysis methods which relied on the regression parameters from the Mr predictive model, for example, regarding reliability of the total stress, in particular the Universal model [21] as represented in Eq. (4). 
Proposed framework
The procedure for incorporating the unsaturated characteristics of an unbound granular base material into its cyclic behaviour in order to obtain a more reliable estimation of Mr from the predictive model is summarised as follows: 1. Perform a series of static triaxial compression tests on at least three test samples having a given (target) density (i.e., a representative density in the field). These three tests should be performed on a range of moisture contents of which 60%, 80%, 95% OMC is suggested and prepared from the dryback process. 2. Use the Mohr-Coulomb failure criteria determined from the results of a static triaxial compression test series to obtain the total internal friction angle (ϕ). 3. Determine the matric suction confinement, ( − ) for each moisture content measure using Eqs. (11) and (12) with a corresponding confining pressure ( 3 ) and the deviator stress at failure (qmax), based on the assumption of φ = φ'. An example set of results from this step can be seen in Table 2. 4. Perform a series of repeated load triaxial tests on at least three test samples having the same moisture content conditions as the static drained triaxial compression tests to determine the resilient moduli (M r) over a range of stress conditions. (In this study, the stress condition regime from [8] was used and moisture contents of 60%, 80%, 95% OMC were suggested). 5. Perform the regression analysis based on Eq.
(5) and using the Mr test results from the repeated load triaxial test series (i.e., over a moisture range of 60%, 80% and 95% OMC) and a set of the calculated matric suction confinement measures ( − ) to obtain the Mr model parameters (i.e., k1, k2, and k3). 6. The resilient modulus model with the inclusion of the matric suction confinement ( − ) can be finally obtained for the pavement analysis and design.
CONCLUSIONS
This paper presents a new mechanistic framework for determining the cyclic behaviour of unsaturated unbound granular materials (UUGMs), which are generally used as base course materials for flexible pavements.
The resilient modulus model with the inclusion of matric suction was also introduced, based on the procedure to obtain the matric suction confinement ( − ) , using normalising procedures associated with an application of the effective stress concept and the principle of the SWRC equation without the actual matric suction measurement, and the regression model parameters (i.e., k1, k2, and k3). There was a considerable difference between the regression parameter values of the two Mr predictive models.
This would therefore raise concerns with regard to any pavement design and analysis methods which relied on the regression model parameters from the traditional resilient modulus predictive model, such as whether the total stress approach is still reliable or not. Thus, it can be seen that soil suction is still influential with regard to the performance of coarsegrained pavement material, and it cannot be neglected. This is contrary to the usual practice of most geotechnical and pavement engineers who assume a low soil suction (i.e., matric suction) with regard to coarse-grained soils, and that the suction is not significant enough to affect the overall performance of unsaturated coarse-grained soils.
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